© Versita Sp. z o.o. 
Introduction
Polymeric materials modified with inorganic materials are largely contributing to the progress in contemporary technology. Therefore the interest in them has increased for a number of years and is still growing after the discovery of their new physicochemical properties. Physicochemistry of solids determines the dependences between properties of the polymeric and the inorganic material, and the structure and chemical composition of the modified product. These relations are exploited in designing new composite materials of certain required functional (electric, magnetic, optical etc.) features. Application of modern technologies (synthesis, modification of surface layer) allows for preparation of plastics with a required structure and new, so far unattainable, functional properties. The modification of polymers by formation of thin layers of copper selenides on their surface leads to manufacturing of composites of different properties. Copper selenides are interesting semiconductors with various applications. The Cu 2-x Se films are typically p-type, highly conductive, semitransparent semiconductors with a band gap varying between 1.1 and 1.4 eV, suitable for solar energy conversion and, as semitransparent layers, in high speed detectors working within the visible range [1, 2] . Cu 2 Se is used as a window layer in solar cells, in photovoltaic cells of Schottky diodes [3, 4] , and as radiation filters [5] . The previous studies of the Cu x Se thin films focused mostly on their possible use in solar cells and superionic conductors [6, 7] . Polyamide (PA), as semi hydrophilic polymer, is capable of adsorbing ions of various electrolytes from aqueous solutions [8] . This fact enabled us to introduce the anions of selenotrithionate, SeS 2 O 6 2− [9] , containing divalent selenium atom of low oxidation state [10] . This broad variety of copper selenide phases presents some difficulties while studying the phase composition of polymers modified with copper chalcogenide layers.
The method of X-ray photoelectron spectroscopy (XPS) is often used to analyze the phase composition of polymers modified with the copper selenides layers [14] [15] [16] [17] [18] [19] . This method of determination of atomic composition of the surface of the modified polymer is based on the analysis of bonds formed in various compounds present in the selenide layer. The surface of a selenide layer is studied first and later, after the coating surface has been etched by Ar + ions up to one or few nanometers in depth, its deeper layer is examined. This analysis is restricted only to studies of a chemical composition of a very thin surface layer where the thickness of the whole layer reaches a few tenths of a micron.
From the data obtained by the XPS method, i.e., from the atomic percentage of the elements, the binding energies and the spectra of individual elements, it is possible to determine the layer surface composition.
The aim of this reaserch was to study the composition of the surface of PA films modified with the copper selenides layers (XPS and XRD) formed by the sorptiondiffusion method using potassium selenotrithionate, and to present the layers growth characteristics and their electrical properties.
Experimental procedures
The films of polyamide 6 (PA, specification TY 6-05-1775-76, grade PK-4), produced in "Uralplastic" plant (Yekaterinburg, Russia), 15×70 mm in size and of 70 µm thickness, were used. These PA films are similar to a non-porous material, because the pores of PA are much less than 1.5 nm. Before the chalcogenization, the films were boiled in distilled water for 2 h to remove the remaining monomer. They were dried using filter paper first and then over CaCl 2 for 24 h.
The PA films thus prepared were treated with a continually stirred K 2 SeS 2 O 6 solution in a thermostatic vessel. The 0.05 mol L -1 solution of K 2 SeS 2 O 6 in a 0.1 mol L -1 HCl at 60°C was used. The samples were removed at certain time intervals, rinsed with distilled water, dried over CaCl 2 , and then used in the analysis and further experiments. The total duration of PA seleniumization was 4.5 h.
Potassium selenotrithionate was produced by Rathke method [20] (the purity of the salt obtained being 99%) and it was stored in darkness at the temperature of -5 o C (in a freezer). The sorption-diffusion method is based on the interaction of selenium containing particles sorbeddiffused into the polymer with an aqueous solution of either a copper(I) salt or a copper(II) salt containing a reducing agent (0.05-0.5 mol of a reductor for 1 mol of Cu(II) salt) [21] . In this study we used a 0.4 mol dm After being immersed in the selenotrithionate solution containig hydrochloric acid, the sample of the PA film was treated with a Cu(II/I) salts solution, then rinsed with distilled water, dried over CaCl 2 , and used for analysis and consequent experiments. The concentrations of selenium and copper in the modified PA film samples were determined using an atomic absorption spectrometer Perkin-Elmer 503 (λ = 196 nm for selenium and λ = 324.8 nm for copper) [23] .
The scanning electron microscope (SEM) equipped with energy dispersive spectrometer Quantax 200 with a detector XFlash 4030 (Bruker AXS Microanalysis GmbH, Germany), was used for the analysis of the surface of the obtained layers. The polymer sample with a Cu x Se layer was placed between two metal plates (20×15 mm) and was cut perpendicular to the polymer film .
The phase composition of the copper sulfide layers was analyzed by X-ray diffraction (XRD) using a DRON-6 diffractometer (Cu-K α radiation). X-ray diffractograms of the PA films modified with the copper selenide layers were treated using the programs Search Match, ConvX, Xfit and Microsoft Excel to eliminate the maxima of the polymer.
The XPS spectra of the Cu x Se layers were recorded with an ESCALAB MKII spectrometer (VG Scientific, radiation Mg Kα -1253.6 eV, output 300 W). Vacuum in the analysing chamber was kept at the level of 1.33×10
-7 Pa, and the distribution of the elements in the depth was determined by sputtering with an Ar + gun with the ion energy of about 2.0 keV. The samples were etched in a preparation chamber with the vacuum of 9.3×10
-3 Pa and current 20 μA; duration of etching was 10, 30 and 90 s. The maximum accuracy of the method was ± 0.1 at.%. To reveal the composition of the obtained copper selenide layers, the photoelectron spectra of Se 3d5/2, Cu 2p3/2 and O 1 s were recorded. Empirical sensitivity factors for these elements were taken from the literature [24] and the spectra obtained were compared with the standard ones [25] .
Results and discussion

3.1.
Scanning electron microscopy is a convenient technique for the study of surface microstructure of thin layers. The main morphological features of the Cu x Se layers formed on PA films by the sorption-diffusion method at 20000 × magnification are presented in Fig. 1 and Fig. 2 . The appearance of some dark spots within grey matrices is evident (Figs. 1a, 1b and 1c ) and indicates the beginning of the Cu x Se layers formation (Fig. 1a) . Distribution of the enlarged dark spots through the whole picture ( Fig. 1b) with prolongation of seleniumization time confirmed the growth of the Cu x Se layers. The scanning electron micrograph presented in Fig. 1c shows that the Cu x Se layer formed after 2.5 h seleniumization time of the PA film is morphologically more homogeneous. The SEM micrographs (Figs. 1a, 1b and 1c) show the formation of single crystals, with particle size ranging from 8 nm to 500 nm, on the surface of the Cu x Se layers, when the seleniumization time of PA films was up to 2.5 h. On prolongation of seleniumization up to 4.5 h, the surface of the Cu x Se layer becomes highly unsmooth over the entire measuring area (Fig. 1d) . Evidently, the agglomerated particles of different sizes, ranging from 500 nm to 4 µm, were observed.
Scanning electron microscopy is also a convenient technique for investigation of cross-sections of PA films modified with copper selenide layers. The SEM micrographs showed the Cu x Se layers on the PA films as dark strips (Fig. 2) . As it is seen the thickness of the Cu x Se layers depends on the seleniumization time of polymer films. 
Scanning electron microscopy characterization. The thickness of Cu x Se layers
The SEM micrographs showed that the thickness of the Cu x Se layers (Fig. 2 ) varies in accordance with the concentration of selenium and copper in the layer. When the time of PA initial treatment in a precursor's solution is prolonged, the amount of the Cu x Se layer as well as the thickness of it increased; the average thickness of the Cu x Se layers was grown from 1.08 µm to 3.2 µm and then decreased to 0.8 µm, when the polymer was treated in a precursor's solution for 4.5 h. The decrease of the thickness of the Cu x Se layers can be explained by gradual decomposition of the sorbed-diffused anions of SeS 2 O 6 2-with time. Some of the decomposition products of SeS 2 O 6 2-anions did not react with Cu (II/I) ions during the treatment of the seleniumized PA films with a copper salt solution.
XRD characterization
The phase composition of Cu x Se may be qualitatively and semiquantitatively characterized by the X-ray diffraction but the study of the Cu x Se layers on the polymer surface faces difficulties because of the unusual properties of these composite materials. Firstly, the selenide layers are polycrystalline; secondly, usually a number of Cu x Se phases of different composition and structure are present in the layer. Despite these difficulties, the phase composition of the Cu x Se layers formed on the PA film surface was studied by the method of X-ray diffraction since this method was previously successfully used in a number of cases to characterize the phase composition of copper chalcogenide layers on the surface of this polymer earlier [26] [27] [28] [29] .
Structural studies of the Cu x Se layers deposited by the sorption−diffusion method are limited by the polycrystallinity of the layers obtained, as well as by the existence of Cu x Se phases of various compositions and structures, and by the crystallinity of the PA tape itself. The intensity of the PA maximum at 2θ < 25 o exceeds a few times the intensity of the copper selenide maxima. Therefore the area of 2θ ≥ 25.0 o was investigated in more detail.
The data in Fig. 3 show that the Cu x Se layers formed by the sorption-diffusion method include several phases, and the composition varies with the PA films seleniumization time. All the peaks obtained are well matched with the Joint Committee on Powder Diffraction Standards (JCPDS) ( found for all the layers when seleniumization time was one hour or longer (Fig. 3, patterns 2 -4) . As the duration of the PA initial treatment in a precursor's solution was prolonged, intensity of the peaks increased. The sharp shape of the peaks indicated that the copper selenide layers formed on the PA films were polycrystalline in nature.
It is known [35] that the electrical resistance of Cu x S decreases by one million times when a value of x decreases from 2 to 1. Selenides are very similar to sulfides, therefore the electrical resistance of Cu x Se should dercease analogically when a value of x is changed from 2 to 1.
When the period of the initial seleniumization is prolonged until one hour the maximum number of copper selenide phases was detected in the copper selenide layer (Fig. 3, curve 2) . Further prolongation of the initial seleniumization results in the formation of the Cu x Se layers containing more of a conductive Cu x Se phase.
Thus the phase composition of the Cu x Se layers formed on PA films at different seleniumization duration is in accordance with the data of electrical sheet resistance measurements: its value decreased from 135 to 57 Ω □ -1 with the change of seleniumization duration from 0.5 to 4.5 h [12].
XPS characterization
The layers of Cu x Se formed on the surface of PA films by the sorption-diffusion method were also studied by the X-ray photoelectron spectrocopy (XPS) method. Then the Cu x Se layers were etched by Ar + ions and their composition in the deeper layers was studied too. From the data obtained by the XPS method, i.e., from the elements' atomic percentages, the binding energies and the spectra of individual elements, it was possible to reveal the composition of the obtained layer. The analysis was restricted to a study of the chemical composition of a very thin surface layer when the thickness of the layer reaches up to 3.2 µm (Fig. 2b) . The processes of the PA films modification by the layers of Cu x Se take place in a natural environment as well, therefore it is impossible to prevent this influence. Exposed to the environment the semihydrophilic polymer PA absorbs oxygen, moisture and other compounds on its surface. Analysis of the data is presented in Table 2 (samples 1-4). The carbon was removed from the results of the XPS analysis because it is the integral part of the polymer. Comparison of the distribution of Cu, Se and O on the surface of the samples has shown that oxygen is the most prevalent element in all samples. Such a large oxygen amount may be explained by its chemical absorption and also by the copper sulfate absorption on the surface layer, as well as by the formation of the insoluble copper(II) hydroxide on the surface. The Cu(II) hydroxide may be formed while washing the layers with water: CuSO 4 +2HOH ↔ Cu(OH) 2 + H 2 SO 4 , Cu 2 SO 4 +2HOH ↔ 2CuOH + H 2 SO 4 , followed by the decomposition into CuO and Cu 2 O.
The data in Table 2 show that various compounds of copper, selenium and oxygen are present on the layer's surface and on the etched surface. The following compounds have been identified: Cu 2 Se, CuSe, Cu 2-x Se, Cu 3 Se 2 , Cu 2 O, CuO, Cu(OH) 2 , Cu and Se. The XPS analysis has shown that on the surface of all the copper selenide layers investigated there was only a small amount of copper selenides, while the copper oxides, copper hydroxide, copper sulfate and absorbed oxygen constitute the biggest part. The copper selenides exist in the form of dendrites while forming layers by the sorption-diffusion method (Fig. 1) . Therefore, among these dendrites there were remained absorbed oxygen, water and other compounds. For this reason the microstructure of the copper selenide layers may significantly differ from the macrostructure and the chemical composition of the layers.
When the layer's surface was etched by Ar + ions, the content of oxygen significantly decreased. That indicated that a lot of oxygen on the surface was in a chemical absorbed form. The percentage content of copper and selenium also confirmed that the content of oxygen significantly decreased in the etched layers.
Analyzing the XPS data of the Cu x Se layers we noticed that the concentration of selenium increased with increased in time of a polymer seleniumization. For example, the concentration of selenium in the Cu x Se layers etched for 10 s with increase of the seleniumizion duration changed as follows: 0.17 h -2.1 at.%; 1.0 h -5.5 at.%; 2.5 h -10.6 at.%; 4.5 h -15.1 at.% ( Table 2 ). The concentration of copper increased analogously: 0.17 h -6.3 at.%; 1.0 h -10.2 at.%; 2.5 h -11.7 at.%; 4.5 h -20.9 at.% ( Table 2) . Thus, when the concentration of selenium in a PA film is higher, more copper ions react with it and more copper selenides are formed.
Conclusions
Cu x Se layers have been studied by X−ray diffraction, X-ray photoelectron spectroscopy and scanning electron microscopy analyses. The SEM micrographs showed the formation of a more morphologically homogeneous Cu x Se layer after 2.5 h of polymer seleniumization in experimental conditions used. The thickness of the Cu x Se layers varied from 1.08 to 3.2 µm. The XRD diffraction patterns of these layers showed that the phases of monoclinic Cu 2 Se (27-1131) copper selenide and cubic Cu 2-x Se (6-680) berzellianite dominate in the Cu x Se layers. The phases of tetragonal Cu 2 Se (29-575) bellidoite, orthorhombic CuSe 2 (74-280) copper selenide, orthorhombic CuSe 2 (18-453) copper selenide, and tetragonal Cu 3 Se 2 (72-1421) copper selenide were indentified too. Various copper, selenium and oxygen compounds (Cu 2 Se, CuSe, Cu 2 O, CuO, Cu(OH) 2) as well as elemental copper and selenium were identified on the surface of polyamide films modified with Cu x Se layers by X-ray photoelectron spectroscopy. Atomic percentage of the elements showed that copper selenides constitute the major part in the layer and that the content of Cu x Se in the deeper layers of chalcogenide is higher than that in the surface layer.
